Thermally induced growth of graphene on the two polar surfaces of 6H-SiC is investigated with emphasis on the initial stages of growth and interface structure. The experimental methods employed are angle-resolved valence band photoelectron spectroscopy, soft x-ray induced core-level spectroscopy, and low-energy electron diffraction. On the Si-terminated ͑0001͒ surface, the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction is the precursor of the growth of graphene and it persists at the interface upon the growth of few layer graphene ͑FLG͒. The ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°structure is a carbon layer with graphene-like atomic arrangement covalently bonded to the substrate where it is responsible for the azimuthal ordering of FLG on SiC͑0001͒. In contrast, the interaction between graphene and the C-terminated ͑0001͒ surface is much weaker, which accounts for the low degree of order of FLG on this surface. A model for the growth of FLG on SiC͕0001͖ is developed, wherein each new graphene layer is formed at the bottom of the existing stack rather than on its top. This model yields, in conjunction with the differences in the interfacial bonding strength, a natural explanation for the different degrees of azimuthal order observed for FLG on the two surfaces.
I. INTRODUCTION
Graphene, a single sheet of sp 2 -bonded carbon arranged in a honeycomb lattice, has unusual electronic properties that arise from the linear dispersion of the and * bands in the vicinity of the K point of the hexagonal Brillouin zone. [1] [2] [3] [4] [5] [6] [7] The crossing of these bands ͑the Dirac point E D ͒ marks the Fermi energy in neutral graphene. Graphene's most important properties from a technological point of view are the ambipolar field effect, the high carrier mobility, currently of the order of a few m 2 V −1 s −1 , and the low contact resistance to metals. 8 Thus, graphene represents the ideal twodimensional electron gas system and it raises high hopes that it will find its way into new high-speed, ballistic-transportbased electronic devices. 5, 8 Many exciting results were produced by using exfoliated graphene, [2] [3] [4] 6, 7 but it can be debated whether this preparation is suitable for technological processes where large areas of uniform graphene are required. Solid state graphitization of silicon carbide ͑SiC͒ surfaces [9] [10] [11] [12] [13] [14] [15] [16] by annealing of SiC at temperatures above 1150°C has the potential to fulfill the requirement for a large scale production of graphene-based devices. 1, 5 The growth of ultrathin graphite layers, so-called few layer graphene ͑FLG͒, has been carried out on the Siterminated ͑0001͒ and C-terminated ͑0001͒ surfaces with somewhat different results. 1, 5, [9] [10] [11] [12] [13] [14] [15] [16] On SiC͑0001͒, where a ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction ͑6 ͱ 3 for short͒ is observed at the very beginning of growth, the FLG layers are aligned with respect to the substrate so that the primitive translation vectors of FLG and SiC enclose an angle of 30°. The FLG layers on SiC͑0001͒ consist of rotationally disordered domains as witnessed by diffraction rings observed in lowenergy electron diffraction ͑LEED͒. However, the rings frequently show an intensity modulation, indicating a certain preference for alignment with respect to the substrate. Furthermore, there is also experimental evidence that the individual graphene layers in thicker FLG films on SiC͑0001͒ contain rotational stacking faults. 17, 18 Both the misalignment with respect to the substrate and the turbostratic structure of the films were recently explained in terms of higher order commensurate structures of the growing graphene layers, which leads to preferred but rotated orientations of the first graphene layer on the SiC͑0001͒ substrate and also of the individual graphene layers with respect to each other. 17 Recently, two theoretical studies investigated the electronic structure of the interface between polar SiC͕0001͖ surfaces and FLG. [19] [20] [21] For computational reasons, both groups considered a hypothetical ͑ ͱ 3 ϫ ͱ 3͒R30°surface unit mesh with a covalently bound graphene layer that requires a dilation of the C-C distance by 8% in order to accommodate the smaller unit cell. We will refer to this model as the "covalently bound stretched graphene" ͑CSG͒ model. A top view of this model is shown in Fig. 1 . Note that the model requires one unsaturated Si atom in the ͑ ͱ 3 ϫ ͱ 3͒R30°unit
mesh. Both studies found that the first carbon layer does not exhibit graphene-like electronic properties. The latter are obtained by the second layer only, which is bound by weak dispersion forces to the first layer.
In the absence of calculations for the correct structure, an experimental study of the electronic structure such as presented here is extremely important. By connecting the experimental results to the above mentioned calculations, we can clearly distinguish between aspects which stem from the wrong choice of unit cell and those that do not. In this way we answer the following important questions. ͑a͒ Is the hypothetical model a valid approximation? ͑b͒ Which conclusions can be drawn from calculations for the hypothetical model? ͑c͒ Which cannot? Therefore, in this work we study the electronic structure of the interface between SiC and graphene by using angle-resolved photoelectron spectroscopy ͑ARPES͒, high-resolution core-level soft x-ray photoelectron spectroscopy ͑SXPS͒ employing synchrotron radiation, and LEED. Our results show that the interaction of FLG with the underlying surface is quite different for the two surface polarities. For the Si-terminated SiC͑0001͒ surface, a strong interaction of the first layer with the substrate is observed, while on the C face, we see weak interaction. This observation explains the structural differences of the FLG films. Hence, the CSG model is-within limitations to be described below-a reasonable approximation for the 6 ͱ 3 structure on SiC͑0001͒, but it fails to correctly describe the interface between SiC͑0001͒ and FLG.
II. EXPERIMENT
FLG growth was carried out in situ in ultrahigh vacuum on n-type ͓͑1-2͒ ϫ 10 18 cm −3 ͔ 6H-SiC͕0001͖ as described elsewhere. 22 In order to remove surface oxides, samples were first exposed to a Si flux at 950°C; Si was gradually removed from the surface by annealing steps at increasing temperatures between 1150 and 1400°C until FLG growth commenced. The sequence of surface reconstructions observed during the preparation is face dependent. 23 On SiC͑0001͒, the sequence is ͑3 ϫ 3͒, ͑ ͱ 3 ϫ ͱ 3͒R30°, 6 ͱ 3, and ͑1 ϫ 1͒ graph . On SiC͑0001͒, different reconstructions occur: ͑2 ϫ 2͒ Si , ͑3 ϫ 3͒, ͑2 ϫ 2͒ C , and ͑1 ϫ 1͒ graph , with the ͑2 ϫ 2͒ C showing up just in a small temperature region and in coexistence with the ͑3 ϫ 3͒ and ͑1 ϫ 1͒ graph structures, respectively.
ARPES measurements were carried out at room temperature by using a toroidal electron analyzer with a total energy and an angle resolution of 120 mV and 0.2, respectively. 24 High-resolution core-level spectra were acquired by using a hemispherical analyzer ͑Specs, Phoibos150͒ with a total energy resolution of 75/ 120 meV at ប = = 350/ 510 eV. All measurements were performed at the storage ring BESSY II. All energies of electronic structures throughout the paper are binding energies referenced to the Fermi energy ͑E F ͒.
III. RESULTS

A. SiC(0001)
In Fig. 2 , we show the valence band dispersion measured along the ⌫K and ⌫M azimuths in the graphene Brillouin zone ͑BZ͒ as well as the LEED patterns obtained after annealing of the 6H-SiC͑0001͒ surface at 1150 and 1250°C, respectively. These temperatures correspond to two consecutive stages of graphitization, namely, the C-rich 6 ͱ 3 reconstruction and the first graphene layer, respectively. The LEED patterns taken on the two surfaces ͓Figs. 2͑c͒ and 2͑d͔͒ differ only slightly in that the LEED spots corresponding to the graphene reciprocal lattice become somewhat stronger upon the formation of the first graphene layer. In agreement with previous results, we observe that the graphene layers are aligned with the substrate. 1, 5, [9] [10] [11] [14] [15] [16] 22 On the other hand, the electronic structures of the 6 ͱ 3 reconstruction and the first graphene layer differ significantly in some aspects, whereas they are surprisingly similar in others ͓Figs. 2͑a͒ and 2͑b͔͒. First of all, the valence band structure of the 6 ͱ 3 reconstruction shown in Fig. 2͑a͒ ergies, which are well developed in both energetic band width and periodicity in momentum space as judged from a comparison with the bands of the first graphene layer shown in Fig. 2͑b͒ . This implies that the atomic arrangement within the 6 ͱ 3-reconstructed layer is topologically identical to that of graphene, i.e., that it contains six-membered rings only and no five-or seven-membered rings. 25 The fact that the width of the sigma band ͑17.6 eV͒ is the same for the 6 ͱ 3 reconstruction and for graphene indicates that the average C-C bond length must be identical. This is further supported by the observation that the extensions of the Brillouin zones of graphene and the 6 ͱ 3 reconstruction are in excellent agreement. The bands of the 6 ͱ 3 reconstruction layer are shifted by 1.0Ϯ 0.1 eV toward higher binding energies with respect to those of neutral graphite. This is also demonstrated in Fig. 3͑c͒ , which shows energy distribution curves ͑EDCs͒ for the 6 ͱ 3 reconstruction, monolayer graphene, bilayer graphene, and graphite for k ʈ corresponding to ⌫Ј as defined in Fig. 2 . For monolayer graphene ͓Figs. 2͑b͒ and 3͑c͔͒, this shift is reduced to 0.4 eV with respect to graphite. The same shift was reported for the Dirac point E D of the first graphene layer relative to E F in previous studies. [26] [27] [28] It is attributed to a partial filling of the * bands due to charge transfer from the substrate.
At the same time, the 6 ͱ 3 reconstruction fails to exhibit graphene-like bands altogether although there is an accumulation of intensity centered around ⌫ with an envelope that is suggestive of the dispersion of the band. We attribute this to band folding 29 caused by the potential of the large unit cell, which affects the delocalized states stronger than the more localized states. The individual bands that are not fully resolved due to the large unit cell of the 6 ͱ 3 reconstruction show a spectral weight that follows the original unfolded band. 29 The bottom of this band at ⌫ lies 3.2 eV lower than the bottom of the band of graphene, which indicates a considerable covalent coupling of p z orbitals to the substrate. A similar effect, that is, a significant lowering of the band, was observed earlier for a monolayer of graphite on a Ni͑111͒ surface and was attributed to a hybridization of the states with the states of the substrate. 30 In the Ni case, however, no band folding is observed since the graphene layer is commensurate with the Ni͑111͒ surface. energies are 0.5 and 1.6 eV, respectively. Hence, the electronic structure of the 6 ͱ 3 reconstruction is obviously quite different from that of graphene, where delocalized states extend right to the Fermi level, as can be seen in Fig. 2͑b͒ .
The nonmetallic character of the 6 ͱ 3 surface is another result that supports the notion of a strong interaction of, at least, part of the carbon p z orbitals with the substrate. Indeed, recent theoretical studies demonstrate that covalent bonding of, for example, hydrogen to graphene considerably changes the electronic structure of the bands. Two extreme cases of hydrogen covalently bonded to graphene have been considered: graphane, where all C atoms are bonded to hydrogen, 31 and a situation where one H atom is bonded per ͑4 ϫ 4͒ supercell. 32 In either case, a gap ͑3.5 and 1.25 eV, respectively͒ opens in the graphene band structure due to the covalent bonds and the accompanying rehybridization.
The strong coupling of parts of the C atoms in the reconstruction layer to the substrate is further illuminated by the high-resolution C 1s spectra shown in Figs. 3͑a͒ and 3͑b͒ for various stages of FLG growth. Note that raw data are shown and that the noise level present in the data is much lower than in previously published studies. 10, 33 The spectra of the 6 ͱ 3 reconstruction in Fig. 3͑a͒ consist of a SiC bulk component at 283.70Ϯ 0.08 eV and two surface components S1 and S2 at 284.75Ϯ 0.10 and 285.55Ϯ 0.10 eV, respectively. The intensity ratio S1:S2 Ϸ 0.5Ϯ 0.05 remains essentially constant independent of the inelastic mean free path of the photoelectrons, which was varied from 2.9 to 4.5 Å by changing the photon energy from 350 to 510 eV ͓see Fig.  3͑a͔͒ . This proves that the C atoms responsible for S1 and S2 are located in the same plane. In order to estimate the thickness of the carbon layer that gives rise to S1 and S2, we used the conventional layer attenuation model for core-level intensities. As discussed above, we assume that the C-C bond length and, thus, the area density of C atoms are identical to those in graphene.
For the 6 ͱ 3 reconstruction, we then obtain an effective layer thickness of 2.4Ϯ 0.3 Å, which is consistent with a monolayer coverage. The area density of C atoms in graphene ͑3.82ϫ 10 15 cm −2 ͒ is close to three times that of Si atoms on the SiC͑0001͒ surface ͑1.22ϫ 10 15 cm −2 ͒. With these numbers, the S1:S2 ratio naturally follows if one-third of the C atoms in the C layer strongly interacts with the dangling bonds of the underlying SiC͑0001͒ surface, leading to component S1. The remaining two-thirds bound to C atoms within the layer only give rise to component S2 with the higher binding energy.
Both surface components ͑S1 and S2͒ related to the 6 ͱ 3 reconstruction have binding energies higher than that of neutral graphite ͑284.42 eV͒. This fact agrees with a down shift of the valence states of the 6 ͱ 3 reconstruction layer with respect to bulk graphite by 1.0 eV alluded to above ͓see also Fig. 3͑c͔͒ . By taking into account, the magnitude of the -state shift as a measure of the shift in E F we expect the C 1s binding energy of the respective sp 2 -bonded carbon atoms to be higher than that of graphite by the same amount. That places them at Ϸ285.4eV, a value that coincides rather well with the position of the stronger surface component S2 ͑285.55Ϯ 0.10 eV͒ and confirms our assignment of S2 to sp 2 -bonded C atoms in the reconstruction layer. The other component S1 has a binding energy that lies between those of S2 and SiC. This is expected for the carbon atoms in the reconstruction layer, which are bound to one Si atom of the Si-terminated SiC͑0001͒ surface and to three C atoms in the layer. The large widths of the components S1 and S2 ͑ G = 0.9 and 0.85 eV, respectively͒ are a consequence of strain in the carbon layer that causes strong inhomogeneous broad- ening. In contrast to graphite, S1 and S2 lack asymmetry due to the nonmetallic nature of the surface, which was discussed above.
Hence, the band structure measurements as well as the core-level data taken for the 6 ͱ 3-reconstructed surface suggest a structural model in which a graphene-like layer is bound covalently to the SiC͑0001͒ surface by every third C atom forming a C-Si bond with the substrate. Insofar our measurements agree with the basic tenets of the CSG model; there are, however, points of disagreement, as will be discussed further in Sec. IV. Figure 3͑b͒ displays C 1s spectra obtained after further annealing steps, which led to the growth of additional graphene layers ͑FLG͒. [26] [27] [28] 34 They give rise to a growing C 1s signal, which shifts from 284.74Ϯ 0.05 to 285.47Ϯ 0.05 eV for the largest thickness of 3.4 monolayers ͑ML͒ considered here. The shift is due to the transfer of negative charge from the substrate to the FLG film with the proviso that most of the charge resides close to the interface. 27, 28, 34 Therefore, with increasing number of layers, we probe more neutral graphene layers at the surface and the C 1s binding energy approaches that of graphite. Another important observation is that the component S2 of the 6 ͱ 3 structure is attenuated in the same way as the SiC bulk signal since the ratio of S2 / SiC remains constant during graphitization ͓see inset of Fig. 3͑b͔͒ . This indicates that the concentration of atoms responsible for the component S2 also remains constant even for a film thickness over 3 ML. In other words, despite the fact that the progressive graphitization consumes more and more of the SiC substrate, the structure of the interface between the SiC͑0001͒ surface and FLG is identical to that of the 6 ͱ 3-reconstructed layer formed during the initial stage of graphitization. Note that scanning tunneling microscopy ͑STM͒ has shown that few layer graphene films grown on SiC͑0001͒ retain a height modulation that corresponds to the apparent ͑6 ϫ 6͒ periodicity usually seen for the 6 ͱ 3 reconstruction. [35] [36] [37] [38] [39] However, the presence of the C1s components S2 and S1 in the C 1s core-level spectra reported here is a definitive proof that the same structural elements as in the 6 ͱ 3 reconstruction are present at the interface between FLG and SiC͑0001͒.
B. SiC(0001)
We now turn to the C face. Selected ARPES valence band spectra taken during graphitization of SiC͑0001͒ starting from the clean SiC ͑3 ϫ 3͒ reconstructed surface and ending with two graphene monolayers are shown in Figs. 4͑a͒-4͑d͒ . The graphene coverage was determined from the C 1s corelevel intensities taken simultaneously with ARPES datasets. Interestingly, already at a coverage of 0.3 ML, we observe the spectral signature of and bands of graphene. Again, charge transfer results in a rigid shift of all bands by approximately 0.2 eV toward higher binding energy as compared to graphite. The transitions associated with SiC bulk bands are gradually attenuated until they almost completely disappear for a coverage close to a monolayer ͓Fig. 4͑c͔͒. At the same time, the band structure of graphene is fully developed with regard to both and bands. No perturbations of the overlayer electronic structure similar to that seen on the Si face and related to the interfacial 6 ͱ 3-reconstructed layer are detected for the C face. Hence, the ARPES data suggest only a weak coupling of the FLG film with the SiC͑0001͒ surface. At all coverages, we also observe the signature of rotated domains, which gives rise to an additional -band emission labeled Ј. Similar observations were made also for the band. This indicates that, starting from the very beginning of growth, graphene exists in rotated domains on the SiC͑0001͒ surface.
Figures
FLG coverages studied, the diffraction spots due to the graphene/FLG layer are smeared out into a strongly modulated diffraction ring, which indicates the presence of rotational disorder. This observation is in good agreement with previous reports. 13, 16 At low coverage, the LEED images show a coexistence of the ͑3 ϫ 3͒, ͑2 ϫ 2͒ C , and graphitic structure as demonstrated, for example, in Fig. 4͑f͒ . At a coverage of 1 ML, the LEED pattern only contains diffraction spots from the SiC substrate with reduced intensity and from the rotationally disordered graphene layer. Other superlattice spots have vanished. This observation is in contrast to previous work. Forbeaux et al. 13 concluded that the initial growth of graphite on SiC͑0001͒ occurs on the ͑2 ϫ 2͒ reconstruction. LEED, however, is not a local probe and averages over a large area of the surface that could contain patches of different reconstructions. In agreement with that, Hass et al. 17 reported a long range order of the ͑2 ϫ 2͒ reconstruction of 200 Å, which is at least ten times smaller than the coherence length of the graphene film, and suggested that different parts of their surface are in different stages of graphitization. Finally, at layer thicknesses in excess of approximately 3-4 ML, the substrate spots are attenuated below the detection limit and only the smeared-out diffraction spots of the turbostratic 17, 18 FLG layer prevail. The absence of a strong coupling between the graphite overlayer and the SiC͑0001͒ substrate is further supported by the C1s core-level data taken at various stages of FLG growth with coverages between 0.15 and 4.3 ML, as shown in Fig. 5 . By comparing the spectra to those of the Si face, it is evident that no interface related components similar to S1 and S2 are present. Instead, the spectra are dominated by two components, one of which is attributed to the SiC bulk. Its binding energy ͑282.5Ϯ 0.05 eV at a coverage of 4.3 ML͒ is different from that observed for the Si face due to a different surface band bending, which is a result of the face-specific Schottky barrier height between SiC and FLG. 40 The second component is due to the growing FLG layer. Its binding energy is 284.65Ϯ 0.05 eV for the lowest coverage ͑0.15 ML͒ and 284.42Ϯ 0.05 eV for the highest coverage ͑4.3 ML͒, which is characteristic of graphite. The slightly higher binding energy at low coverage is again attributed to n-type doping by the substrate. Other than that, the bonding in the overlayer is-from the beginning-practically identical with that in graphene, i.e., strong sp 2 bonding within the graphene layers and weak interaction among the layers and with the substrate.
IV. DISCUSSION
A. Interface between few layer graphene and SiC(0001)
Our experimental results provide strong evidence that the 6 ͱ 3 reconstruction formed on the ͑0001͒ surface of SiC during the initial stage of graphitization comprises a single layer of C atoms with graphene-like atomic arrangement, which interacts with the underlying surface by covalent bonds so that its electronic structure deviates from that of graphene in the region of the bands. Hence, a weak bonding by van der Waals interaction to either the SiC͑0001͒-͑1 ϫ 1͒ surface, as proposed in Refs. 9 and 41, or to the Si-rich ͑ ͱ 3 ϫ ͱ 3͒R30°r econstruction, as in Refs. 11, 42, and 43, can be ruled out. The strong coupling of that layer to the substrate surface is in agreement with the theoretical CSG model. [19] [20] [21] Due to the covalent bonding, the graphene states retreat from E F and open a gap in the electronic structure of the 6 ͱ 3 reconstruction. The reconstruction layer 53 Fig. 1͔ that form a half-filled and, thus, metallic band.
Two explanations for this failure to describe the real situation come to mind. First, strong correlations within the Si dangling bond band could lead to a Mott-Hubbard ͑MH͒ metal-insulator transition. Such MH transitions appear to be the rule rather than the exception on SiC surfaces ͑see, for example, Refs. 44 and 45 and references therein͒. However, this possibility was excluded by the authors of Refs. 20 and 21. On the other hand, the question remains if the predicted metallicity of the interface, which is not experimentally observed, is a consequence of the artificially chosen ͑ ͱ 3 ϫ ͱ 3͒R30°unit cell in the calculations vs the much larger 6 ͱ 3 unit cell experimentally observed in LEED. An independent experimental estimate of the number of Si dangling bonds is provided by the S1/S2 ratio of 0.50Ϯ 0.08 ͓see Fig.   3͑a͔͒ , which implies that 33Ϯ 4% of the C atoms in the 6 ͱ 3 reconstruction layer are bonded to underlying Si atoms of the substrate. The 6 ͱ 3 unit mesh on the SiC͑0001͒ surface, which covers 108 Si atoms of the topmost SiC bilayer, corresponds to a ͑13ϫ 13͒ supercell of graphene that includes 338 C atoms. Hence, the ratio of Si in the topmost SiC bilayer to C atoms in the covalently bound reconstruction layer is 0.32, which compares surprisingly well with the value of 0.33Ϯ 0.04 obtained from the S1/S2 ratio. This suggests that nominally all Si atoms in the SiC͑0001͒ surface form Si-C bonds to the reconstruction layer. The experimental error allows for a maximum of around ten Si dangling bonds per 6 ͱ 3 unit cell, which is less than one-third of the number of dangling bonds assumed by the CSG model. The SiC͑0001͒ surface lattice and the graphene lattice are incommensurate, i.e., when graphene is placed on top of the SiC͑0001͒ surface, not every Si atom has a C atom directly above it ͑see Fig. 1͒ . However, as was shown in previous work, the Si atoms on the SiC͑0001͒ surface show considerable flexibility in both bond angle and bond length. [46] [47] [48] The misfit between the graphene and SiC surface lattices could thus be accommodated by small variations of bond angles and distances, leaving behind only a small number of dangling bonds at defect sites. In agreement with that, there is evidence of disorder within the 6 ͱ 3 unit cell as witnessed by a spatially inhomogeneous tunneling probability in STM micrographs. 33, 38, 41, 49 A disordered array of low concentration Si dangling bonds is certainly detrimental for the formation of a Si dangling bond derived band. Instead, one expects localized states where the considerable correlation energy separates empty and singly occupied states from the double occupied ones by the correlation energy.
B. Interface between few layer graphene and SiC(0001)
By comparing our experimental results for the graphene/ SiC͑0001͒ interface with the CSG model, [19] [20] [21] we note several differences. Our ARPES data undoubtedly prove that already at the monolayer coverage the graphene-like band dispersion of the overlayer is fully developed. Also, the C1s spectra show the dominant surface component associated with graphene without any indication of covalent bonding to the substrate. Finally, LEED and ARPES data clearly show that from the very beginning of growth, the graphene layers on SiC͑0001͒ exist in rotated domains, which is a consequence of the weak interaction with the substrate. In contrast, the CSG model assumes a strong covalent bond between SiC͑0001͒ and the first graphene layer, such that the latter lacks a graphene-like band and is thereby locked in its orientation to the substrate. Only when the second layer is added do the calculations yield a graphene band structure. Hence, based on our experimental data, we can exclude the CSG model in all aspects as representative of the graphene/ SiC͑0001͒ interface.
Why do the two surface polarities behave so different?
Naively, one could expect that the 6 ͱ 3 reconstruction is observed on both Si and C faces. However, based on the results obtained by density functional theory calculations, 46,50 it becomes clear that the two surface polarities are quite different. Compared to the Si face, the C face shows a considerably stronger inward relaxation of the outermost C atoms accompanied by a three times larger relaxation energy, which makes changes in bond lengths and angles harder as compared to the Si face. Second, whereas the charge density of the Si dangling bond on the Si face is predominantly directed away from the surface, the charge density of the much smaller C dangling bond has its maximum mostly within the surface plane. ARPES measurements of the surface electronic structure of unreconstructed SiC͕0001͖ surfaces have revealed that the dispersion of the C dangling bond band is unexpectedly large, indicating a larger degree of delocalization, which was attributed to hybridization with bulk states. 45 Based on these findings, a covalent bond between the C atoms on SiC͑0001͒ and an overlying graphene layer in a fashion similar to what we have proposed above for the ͑0001͒ surface appears much less likely. This could explain the dif- ference in bonding between the polar SiC͕0001͖ surfaces and graphene observed here.
Based on x-ray reflectivity data, Hass et al. 51 recently suggested a model with a carbon rich interface layer. This model is expected to lead to a chemically shifted interface component in the C1s spectra with an intensity similar to that of the surface components S1/S2 observed for the 6 ͱ 3 reconstruction on the Si face ͓see Fig. 3͑a͔͒ . Also, one would expect additional states in the valence band spectra, which are not observed here. This indicates that the model does not apply. Furthermore, the x-ray reflectivity study finds a short bond length between the SiC substrate and the first graphene layer, which was interpreted as a strong chemical bond to the surface in agreement with the calculations. [19] [20] [21] According to the ARPES and SXPS data presented above, there is not the slightest indication of a covalent bond of the first graphene layer to the SiC͑0001͒ surface. We cannot provide a final explanation for the disagreement between our study and the x-ray reflectivity study. 51 However, we note that the interpretation of x-ray reflectivity data requires fitting interface models with many adjustable parameters such as layer distances and layer dependent atomic densities. On the other hand, our ARPES and SXPS results reflect the electronic and chemical properties of the surface in a much more direct way and, most importantly, without modeling.
C. Bonding and ordering of few layer graphene
The differences in interfacial bonding between the bottom carbon layer and the two SiC͕0001͖ surfaces of different polarities play a decisive role in determining the structural properties of graphene films on these surfaces. As discussed above, the interaction of FLG with the underlying substrate differs with surface polarity. For FLG on the SiC͑0001͒ surface, we observe a strong covalent interaction of the 6 ͱ 3 reconstruction layer with the substrate, which persists at the interface between SiC͑0001͒ and thicker FLG films. This strong bond is responsible for the orientation of the reconstruction layer, which shows a rotation angle of 30°with respect to the substrate and gives rise to the 6 ͱ 3 reconstruction. We also see that the 6 ͱ 3 reconstruction remains present at the interface upon further graphitization. ARPES experiments [26] [27] [28] 34 indicate that the first and the following graphene layers on top of the interface layer have a true graphene or FLG electronic structure and, therefore, interact only weakly by van der Waals forces with the 6 ͱ 3 interface layer. Nevertheless, they maintain the rotational order relative to the substrate imprinted by the 6 ͱ 3 interface layer. On the other hand, for FLG on SiC͑0001͒, a weak interaction allows for a different orientation of the nucleating graphene layers relative to the substrate. Furthermore, it was observed that FLG films on SiC͑0001͒ contain rotational stacking faults, i.e., that the individual graphene layers do not follow the Bernal AB ordering 17,51 typical for graphite. Weak interactions between subsequent graphene layers apparently allow for rotational stacking faults that are energetically not too different from the AB stacking of graphite 52 and, hence, leads to the turbostratic structure of FLG on SiC͑0001͒.
If the FLG films would grow in a layer-by-layer mode such that new graphene layers are formed on top of already existing ones, including the 6 ͱ 3 reconstruction layer, one would expect that a rotational disorder is observed for the Si-terminated ͑0001͒ surface as well, which is at odds with the observations listed above. Hence, we suggest that the FLG films grow by forming new graphene layers right at the interface. This is, indeed, reasonable since the source of the growing film is the substrate itself. At the growth temperatures in excess of 1150°C, Si-C bonds are statistically broken. While it is not possible to form stable, i.e., long lasting, Si-Si bonds at this temperature, C-C bonds are stable. Thus, the Si atoms will diffuse away and eventually sublimate from the surface, whereas the carbon atoms will nucleate into graphene.
On the Si face, the nucleation of a new layer takes place underneath the reconstruction layer. Consider that, due to the high temperature, a Si atom of the topmost SiC bilayer leaves its position and a Si vacancy is created. This leaves behind three C atoms of the top SiC bilayer, each of them carrying a dangling bond that is directed roughly towards the other two. At the same time, an unsaturated orbital is created on the C atom in the reconstruction layer that was previously bound to Si. That C atom cannot bind to one of the C dangling bonds left behind in the SiC substrate because they are too far away and point in the wrong direction. Instead, the unsaturated C atom of the reconstruction layer can easily rehybridize and form an additional bond with the neighboring C atoms in the reconstruction layer. No rearrangement of carbon atoms is necessary for this process, but only a cutting of C-Si bonds. Eventually, all bonds of the reconstruction layer to the SiC surface are broken and this layer becomes the first graphene layer proper. The unsaturated C atoms created in the topmost SiC bilayer will not be satisfied with the situation. Instead, they can form stable C-C bonds with each other and nucleate into graphene, which is covalently bound to the substrate as described above. Thus, the newly nucleating graphene layer takes on the role of the interface layer with its fixed azimuthal relationship to the substrate. In this way each graphene layer starts out as a 6 ͱ 3 layer with an orientation that is dictated by the covalent bonds to the substrate. Hence, there is no freedom for the growing FLG layer to form rotated domains and rotational stacking faults. On the other hand, we have to note that the covalent bonds between the interface layers and the SiC͑0001͒ surface determine the lateral registry between the individual graphene layers after they have been released. This undoubtedly will lead to linear stacking faults in the growing graphite stack. Indeed, an evidence for the presence of such linear stacking faults in epitaxial graphene layers 7 ͑up to 4 ML thick͒ has been observed by ARPES 27 and STM. 39 On the C face, the situation is different. As discussed above, there is a weak interaction between the bottom graphene layer and the SiC͑0001͒ surface. Consider the formation of a Si vacancy at the interface. This results in three C atoms, each of them carrying two dangling bonds, one of them pointing into the vacancy and one pointing away from the surface. The only possibility for the C atoms to saturate their dangling bonds is by forming C-C bonds as there are no unsaturated Si atoms nearby. This marks the nucleation of a new graphene layer. Removing all Si atoms from the surface bilayer leaves a C-terminated surface to which the nucleating graphene apparently does not bind covalently. As a result, the graphene nuclei experience weak constraints, such that they orient with different rotation angles with respect to the substrate and the other graphene layers. 17 This leads to the turbostratic nature of the graphitic films on the C face observed by x-ray diffraction 17 and STM.
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V. CONCLUSIONS
We have investigated few layer graphene films ͑FLG͒ thermally grown on the two polar SiC surfaces by angleresolved photoelectron spectroscopy, high-resolution corelevel photoelectron spectroscopy, and low-energy electron diffraction with special emphasis on the properties of the interface between graphene and the SiC substrate. From our experiments and the discussion presented above, the following conclusions can be drawn.
On the Si-terminated ͑0001͒ surface, the 6 ͱ 3 reconstruction represents a structure sui generis that provides the interface between SiC and all following graphene layers. It consists of a carbon layer with graphene-like topology and bond length as witnessed by bands that are identical to those of graphene. Every third carbon atom, however, is covalently bonded to the underlying Si atoms that terminate the bulk 6H-SiC. As such, there is no room for a half-filled danglingbond-derived band that would account for the metallic nature of the interface as proposed in Refs. 19-21 Instead, the 6 ͱ 3 surface is semiconducting, with Si dangling bonds present at best as localized defect states at the interface. The 6 ͱ 3 structure remains unaltered at the interface during subsequent growth. The first, second, and further graphene layers weakly interact with the 6 ͱ 3 interface layer and exhibit the electronic structure of graphene and graphene stacks in accordance with earlier studies.
On the C-terminated SiC͑0001͒ surface, all our data indicate only a weak interaction of graphene with the substrate and no distinct interface phase. From the beginning, carbon atoms thermally released from the SiC substrate nucleate into sp 2 -hybridized islands such that the band structure characteristic of graphene is fully developed already at the monolayer coverage albeit with clear signs of azimuthal disorder.
Azimuthal disorder beyond the first graphene layer is expected for both surfaces on account of the high growth temperature and the weak interlayer interaction; it is known in the field of graphite as turbostratic growth. Hence, it comes as little surprise for FLG on SiC͑0001͒. In the light of that, the high degree of azimuthal ordering in FLG on SiC͑0001͒ even beyond the first graphene layer is rather surprising. It can be explained by a different growth model that we propose here. Each new graphene layer is formed at the bottom of the FLG stack by releasing the graphene-like carbon of the 6 ͱ 3 interface from the substrate as Si atoms evaporate, while a new 6 ͱ 3 interface layer is formed. In this way, the azimuthal orientation of the interface layer is inherited by each new graphene layer, while linear stacking faults are possible.
